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We describe the development of a consistent set of low-energy electron collision cross sections for
trifluoromethane, CHF3. First-principles calculations are used to obtain key elastic and inelastic
cross sections. These are combined with literature values of the ionization cross section and with
vibrational excitation cross sections obtained from the Born approximation to form a preliminary
set, which is then adjusted to achieve consistency with measured swarm parameters. ©2001
American Institute of Physics.@DOI: 10.1063/1.1382833#

I. INTRODUCTION

Electron collision processes are critical in determining
plasma properties,1 yet for most gases of interest the avail-
able low-energy electron collision data are fragmentary.
Modelers are often forced to rely on mutually inconsistent
results drawn from disparate sources and even, employing
intuition and analogy, to guess at cross section values. The
resulting cross section sets are, apart from any other weak-
nesses, frequently inconsistent with swarm measurements.
On the other hand, attempts to develop cross section sets
from swarm data alone are hampered by a nonuniqueness
problem that renders the individual cross sections so ob-
tained suspect.

A clearly preferable alternative is to obtain data of high
quality for the most important collision processes and to de-
velop from those data, via a suitable process of adjustment, a
cross section set that is consistent with swarm measurements.
Because there are few gases for which sufficient high-quality
data may be obtained from the literature, realization of this
approach requires the ability to generate relevant cross sec-
tions as needed, either through calculation or experiment,
and thus implies a collaborative effort between researchers
engaged in determining electron–molecule collision proper-
ties and researchers experienced in swarm analysis.

In this article, we describe a collaborative process to
develop an electron cross section set for the plasma etchant
trifluoromethane, CHF3. Essential cross section data not
available in the literature—in particular, the cross sections
for ~dissociative! electron-impact excitation processes—are
calculated from first principles. The calculated cross sections
are then combined with cross sections for other important
processes obtained from the literature or, in the case of vi-
brational excitation, the Born approximation. The resulting
preliminary cross section set is then systematically refined to
bring the swarm parameters predicted from it into agreement
with measured values.2,3 We find that the required adjust-

ments to the calculated cross sections are modest and within
the expected range. Differences between our final cross sec-
tion set and previous sets4–6 are discussed.

II. CROSS SECTION CALCULATIONS

A. Computational method

Cross sections for elastic electron scattering by and
electron-impact excitation of CHF3 were computed using the
Schwinger multichannel~SMC! method7,8 as implemented
for parallel computers.9,10 Details of the method may be
found in the references given. For the present purpose, it is
sufficient to mention that the SMC method is a variational
method for the scattering amplitude based on quantum-
mechanical first principles, and that its implementation is
well suited to studies of low-energy electron collisions with
polyatomic molecular targets. In particular, use of parallel
computers facilitates numerically intensive studies of larger
polyatomic systems that would be difficult or impossible to
carry out on single-processor computers.

Details of the present calculations on CHF3 are as fol-
lows. All scattering calculations were carried out at a geom-
etry optimized using the program system GAMESS,11 em-
ploying second-order Mo¨ller–Plesset perturbation theory and
the 6-31G(d) basis set internal to GAMESS. This geometry,
which belongs to the C3v point group, has a C–H distance of
1.088 Å, a C–F distance of 1.343 Å, and anF–C–Fangle of
108.45°. For comparison, the experimental equilibrium
geometry12 has a C–H distance of 1.098 Å, a C–F distance
of 1.332 Å, and anF–C–Fangle of 108.8°. Elastic scattering
was studied in the static-exchange approximation, that is,
neglecting polarization of the molecular charge density by
the projectile electron during the course of the collision. This
approximation improves with increasing collision energy and
is generally quite accurate at collision energies above
roughly 10 eV, except in the presence of resonances~tempo-
rary anions!. For polar molecules such as CHF3, the static-
exchange approximation may also work well at lower ener-
gies, because the dipole potential may mask the effects of the
more rapidly decaying polarization interaction at large dis-
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tances. More elaborate calculations on CHF3 that do consider
the polarization effects below 15 eV13 have recently been
carried out.

Our implementation of the SMC method employs Carte-
sian Gaussian basis functions to represent both bound and
scattering orbitals. The basis set used in the elastic calcula-
tions was the ‘‘triple zeta valence’’~TZV! set internal to
GAMESS11 together with a 1s1p3d set of supplementary
diffuse and polarization functions on the C and F atoms, for
which the default GAMESS exponents were used, and a 2p
supplement on H, with exponents 1.4 and 0.4. The basis set
used in the electron-impact excitation calculations comprised
the ‘‘triple zeta’’ set of Scha¨fer et al.14 for the C and F atoms,
the Huzinaga–Dunning (4s)/@3s# basis15,16 for the H atom,
and the following supplement: on C, two diffuses functions
~exponents 0.047 and 0.023!, three diffusep functions ~ex-
ponents 0.042, 0.021, and 0.0105!, and threed functions~ex-
ponents 0.8, 0.3, and 0.015!; on F, one diffuses function
~exponent 0.036!, one diffusep function ~exponent 0.029!,
and twod functions~exponents 0.90 and 0.015!; and on H, a
diffuses function ~exponent 0.036! and twop functions~ex-
ponents 1.4 and 0.4!. This basis set was intended to permit a
good representation of the relevant excited states, which are
mostly Rydberg in character. All six Cartesian components of
the d functions were retained. In total, there were 154 and
143 contracted Gaussians in the basis sets used, respectively,
for the elastic and inelastic calculations.

In an independent-orbital picture, the ground state of
CHF3 has the electronic configuration (1a1)2(1e)4(2a1)2

(3a1)2(2e)4(4a1)2(5a1)2(3e)4(4e)4(5e)4(1a2)2(6a1)2.
Our elastic calculations used the Hartree–Fock wave func-
tion having this configuration to describe the target molecule,
with all remaining virtual orbitals employed in the descrip-
tion of the scattering electron. In our inelastic studies, we
focused on low-lying states expected to contribute to
electron-impact dissociation. The highest occupied orbital,
6a1 , is primarily of C–H bonding character. The orbitals
immediately below it, 4e, 5e, and 1a2 , are lone-pair F 2p
orbitals not involved in the bonding, while the orbitals with
C–F bonding character are considerably more tightly bound.
With a view to dissociative excitation, therefore, excitations
out of the 6a1 orbital are of special interest. Accordingly, we
considered the singlet and triplet states arising from promo-
tion of an electron from 6a1 to 7a1 and from 6a1 to 6e, that

is, the ã3A1 , Ã 1A1 , b̃3E, and B̃1E excited states of CHF3.
Each of these excited states was represented by a single elec-
tronic configuration consisting of the ground-state Hartree–
Fock orbitals and a 7a1 or 6e triplet improved virtual
orbital.17 The computed excitation thresholds were 12.20,
13.19, 13.42, and 14.17 eV for the3A1 , 1A1 , 3E, and 1E
states, respectively. For comparison, Larrieuet al.,18 using
considerably more sophisticated wavefunctions~multirefer-
ence singles-and-doubles configuration interaction!, obtained

10.89 eV for the A˜ 1A1 threshold and 11.76 eV for the B˜ 1E
threshold, while high-energy electron impact studies19

showed a threshold at 10.92 eV assigned as 6a1→3s ~i.e.,

Ã 1A1! and one at 11.95 eV assigned as 6a1→3p ~i.e.,

B̃ 1E!.

Excitation cross sections were computed in a seven-
channel, five-state approximation, coupling the elastic scat-
tering channel to the (6a1→7a1)1,3A1 and (6a1→6e)1,3E
states.~The number of channels is greater than the number of
states because theE states are doubly degenerate.! All unique
configurations that could be formed by adding one of the
virtual orbitals to one of the target configurations were em-
ployed in the variational space for the scattering wavefunc-
tion.

As a partial check on the elastic and excitation calcula-
tions just described, we also carried out calculations employ-
ing different basis sets and channel-coupling schemes. The
static-exchange elastic cross sections obtained with a smaller
basis set were very similar. Cross sections for theã 3A1 and
Ã 1A1 states obtained from a three-channel calculation in a
different basis set than the seven-channel results showed
greater differences. The three- and seven-channel results for
the Ã1A1 were qualitatively similar, but the peak value of
the three-channel cross section was about a factor of 2 larger.
For the ã3A1 state, the peak value of the three-channel cross
section was again larger, but the three-channel cross section
fell well below the seven-channel result from about 19 to 28
eV. Two-channel results for the a˜ 3A1 state obtained in yet
another basis set were qualitatively intermediate between the
three- and seven-channel results. In all cases there was good
agreement at higher energies. While the seven-channel re-
sults, arising from the most extensive coupling scheme con-
sidered, should in general be the most accurate, these com-
parisons do suggest that, at lower energies, the cross sections
might change further upon inclusion of still more channels in
the calculation.

B. Results and discussion

The integral elastic cross section~ICS! and momentum-
transfer cross section~MTCS! calculated for CHF3 are
shown in Fig. 1. The sharp increase at the lowest energies
shown is a common artifact of the static-exchange approxi-
mation. However, CHF3 is a polar molecule, and long-range

FIG. 1. Computed integral elastic cross section~ICS! and momentum trans-
fer cross section~MTCS! for electron scattering by CHF3.
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scattering by the dipole potential, which is not fully included
in our SMC cross sections because of the use of square-
integrable basis sets, will lead to agenuineincrease in the
ICS and MTCS at these energies. We have included a cor-
rection for such long-range scattering using the Born
completion procedure,20,21 with partial-wave components of
the scattering amplitude obtained from the SMC calculation
used up tol 55, m54 and the remainder of the scattering
amplitude obtained from the first Born approximation for a
point-dipole potential with strength 2.06 D; because this cal-
culated value is considerably higher than the experimental
value of 1.65 D,22 and because of the artifactual increase of
the static-exchange cross section, our low-energy cross sec-
tion is probably overestimated. It should also be remarked
that we have included a very small but finite inelasticity to
avoid divergence of the Born cross section.

At higher energies, the static-exchange approximation
becomes increasingly reliable. The main inaccuracies are
probably in the location of the resonance features that give
rise to the double hump in the calculated ICS and MTCS
between 10 and 15 eV. With inclusion of polarization, such
features typically move lower in energy by 1 to 4 eV. Ex-
perimentally, resonances were observed by Modelliet al. in
electron transmission through CHF3 at 6.3 and 9.3 eV.23

Modelli et al. assigned the 9.3 eV feature to overlappingA1

andE resonances but were unable to assign the 6.3 eV fea-
ture. Symmetry decomposition of the SMC cross section
shows that the double-hump structure is due to overlappingE
andA1 resonances centered, respectively, at about 11 and 13
eV. Allowing for appropriate shifts in the resonance positions
upon inclusion of polarization, our results confirm the as-
signment of the 9.3 eV feature by Modelliet al., while leav-
ing the origin of the 6.3 eV feature they observed unknown.
Dissociative attachment experiments24 showed peaks at
10.160.1 and 12.360.2 eV in the F2 production cross sec-
tion, as well as a broad, weak peak centered at about 4.5 eV.
Attachment peaks typically occur somewhat below the cor-
responding peaks in the elastic cross section, so the 4.5 eV
peak may be associated with the feature seen in transmission
at 6.3 eV. The 10.1 and 12.3 eV attachment peaks appear to
correlate well with the computed positions of theE andA1

resonances, but not with the 9.3 eV feature seen in the trans-
mission spectrum. Further experimental study of the elastic
and/or total cross section would be helpful in clarifying the
situation.

Our computed elastic cross section is in generally good
agreement with available experimental13,25 and
theoretical13,26,27 results. The agreement is best judged by
examining the differential cross sections, which are quite
sensitive to computational limitations. Figure 2 shows a
comparison of differential cross sections at various energies.
As expected, the greatest discrepancies between the present
results and both the experimental values and those obtained
from the more elaborate calculations of Varellaet al.13 occur
at low energies, due to omission of polarization effects in the
present work.

Integral cross sections for electron-impact excitation of
the ã3A1 , Ã 1A1 , b̃3E, and B̃1E states obtained from the
seven-channel calculation described earlier are shown in Fig.

3. Small oscillations in the cross sections are unlikely to be
physical, but the broader peaks, centered at about 20 eV in
the Ã1A1 cross section, 23 eV in the a˜ 3A1 and B̃1E cross
sections, and 24 eV in the b˜ 3E cross section, may corre-
spond to core-excited shape resonances. As expected, the
cross sections for the optically forbidden triplet transitions
fall off more rapidly at higher energies. In fact, the singlet
cross sections are probably underestimated at the higher en-
ergies, because we have not included a correction for ‘‘pho-
tonlike’’ excitation in collisions at large impact parameters.
However, the oscillator strengths of the A˜ and B̃ states are
fairly small ~0.036 and 0.023, respectively18!, and the higher
energies are less important in modeling of low-temperature
plasmas, so omission of this correction is not expected to be
material.

FIG. 2. Differential elastic electron scattering cross sections for CHF3. Solid
line: present result. Dashed line: calculation of Ref. 13. Circles: experimen-
tal values~Ref. 13!.

FIG. 3. Computed electron-impact excitation cross sections for four low-

lying states of CHF3. Solid line: ã3A1 state. Short dashes: A˜ 1A1 state. Long
dashes: b3E state. Dot-dashed line: B1E state.
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The sum of the cross sections for the a˜, Ã, b̃, and B̃
states is shown in Fig. 4.~These data appeared also in a very
preliminary account of the present work.28! This summed
cross section will be used below to approximate the total
electronic-excitation cross section of CHF3. Although this is
clearly a drastic approximation, a few points may be made in
its favor. First, we have included the lowest-energy excita-
tions; cross sections will in general decrease with increasing
threshold. Also, as more channels are included in the
channel-coupling scheme, the individual cross sections tend
to decrease, at least at lower energies. Moreover, the calcu-
lations of Larrieuet al.18 find no transitions with large oscil-
lator strengths~which might be expected to have large elec-
tron cross sections also! below 15 eV, nor are there any
intravalence transitions with low thresholds.

The vertical thresholds of all excited electronic states in
CHF3 lie well above the dissociation energy. Because the
ã3A1 state is the lowest triplet state, it is relatively easy to
study by electronic-structure methods, and using a variety of
approximations, we always found that its potential surface is
repulsive along the C–H direction at the vertical geometry,
with no barrier to dissociation. We therefore expect that al-
most all excitation to the a˜ state will result in fragmentation
to CF31H. Dissociation behavior for the higher excited
states is more difficult to study. However, we were able to
gain some information by carrying complete-active-space
self-consistent field~CASSCF! studies employing the pro-
gram systemMOLPRO.29–31 In these studies, we considered
each of the excited states successively, together with the
ground state, in a state-averaged CASSCF calculation that
preservedCs symmetry and included eight active electrons
in eight orbitals~six A8 and twoA9!, and we carried out a
geometry optimization for the excited state in small incre-
ments. These calculations indicated that the A˜ 1A1 state dis-
sociates to CHF21F, while both the b˜ 3E state and the B˜ 1E
dissociate to CHF12F, in each case with no barrier to dis-
sociation. Because of the restricted nature of these calcula-
tions, notably their imposition ofCs symmetry and omission
of dynamics, these results should be considered suggestive

rather than definitive, but they do indicate that none of the
states considered is stable against dissociation and that F
atoms may be produced.

III. SWARM ANALYSIS

A. Background

In an electron swarmmeasurement,1,32 a burst of elec-
trons is observed to drift along an electric field applied to a
low-density gas, and various transport coefficients, such as
the drift velocity, transverse or longitudinal diffusion coeffi-
cients, attachment or ionization coefficients, and so on are
measured as functions of the applied electric field divided by
the pressure or by the gas number density~i.e.,E/p or E/N!;
collision cross sections, which are related to the transport
coefficients through Boltzmann’s transport equation, can be
extracted by a process of inversion.

The current density is given by

jWe52eNevW d52
1

3 S 2e

m D 1/2 EW

Nn
E df 0~«,E/N!

d«

«d«

sm~«!
,

~1!

where« is the electron energy andvW d is the drift velocity.
Since it is usually in the direction of the applied electric
field, the drift velocity is often denoted as the scalarvd . The
quantity f 0(«) is the electron energy distribution function,
while sm(«) is known as themomentum-transfer cross sec-
tion and is defined by

sm~«!52pE se~«,u!~12cosu!sinu du, ~2!

where se(«,u) is the differential cross section for elastic
scattering,u being the scattering angle. The momentum
transfer cross section is also known in transport theory as the
diffusion cross section. For a uniform differential cross sec-
tion, i.e.,se(«,u) constant as a function ofu, the elastic and
momentum transfer cross sections are equal, i.e.,sm(«)
5se(«). When se(«,u) is strongly peaked in the forward
direction, thensm(«),se(«), and when it is peaked in the
backward direction, thensm(«).se(«).

Derived quantities often seen in the plasma literature are
the ionization and attachment coefficientsa5kiNn /vd and
h5kaNn /vd , which have units of cm21 and represent the
increase or decrease in electron density per centimeter due,
respectively, to ionization and attachment. These quantities
are directly measurable in a drift tube. The respective rate
coefficients for ionization and attachment,ki and ka , are
given in terms of the respective cross sectionss i andsa by

ki ,a5S 2e

m D 1/2E s i ,a~«! f 0~«!« d«. ~3!

Most applications of swarm-derived cross sections in
gas-discharge modeling use what amounts to an effective
momentum transfer cross section, which is obtained by fit-
ting to calculated and measured electron swarm data and
may include sizable inelastic contributions. For this reason,
the cross sections that are derived from swarm data may not
agree with those separately measured in beam devices or
computed usingab initio quantum techniques. The general

FIG. 4. Summed electron-impact excitation cross section for CHF3.
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wisdom is that this approach works well because the cross
sections are derived by fitting exactly the same coefficients,
i.e., drift, diffusion, ionization, attachment, etc., that are used
in fluid models of discharge plasmas. This leads to a self-
consistency that has worked well over the years.

Modern high-vacuum beam measurement techniques
and modernab initio multichannel quantum calculations per-
formed on supercomputers can provide very accurate cross
sections for low-energy elastic and inelastic collisions. It of-
ten happens, however, that when the best data are assembled
into a model for a molecule and transport calculations are
performed, the agreement with measured transport~i.e.,
swarm! data is not very good. For example, we might as-
semble a detailed model using accurate cross sections from
disparate sources and find that the computed ionization co-
efficient differs from that measured in a drift tube by an
order of magnitude or more. If modeling plasma chemistry
using very detailed and correct cross sections does not repro-
duce very accurately the plasma measurables in a well-
defined and controlled swarm experiment, then the value of
such modeling appears dubious.

Two reasons account for the disagreements between
models based on cross sections and swarm measurements.
First, the individual and independent errors~both in magni-
tude and energy dependence! in the separate cross sections
from different sources may conspire to produce a sizable
overall error. Second, including all known cross sections, or
cross sections for all processesbelievedto be important, does
not necessarily include all processes thatare important. It is
somewhat analogous to the missing matter problem in cos-
mology: all that we know may only be a fraction of what
there is. This is where swarm analysis can make an important
contribution. By their nature, swarm-derived cross sections
include all processes either explicitly, as individual cross sec-
tions, or implicitly, contained within other cross sections.
The latter possibility is another reason why swarm-derived
cross sections often differ from those obtained by beam mea-
surements or calculations.

We have used the following procedure for dealing with
the potential problem of a collection of cross sections pro-
ducing erroneous plasma transport coefficients:

~1! assemble the most complete models that we can using
data from the sources discussed above;

~2! perform swarm calculations for conditions appropriate to
transport measurements when such data are available;

~3! systematically renormalize and modify the energy de-
pendence of the cross sections in order to reproduce the
measured transport coefficients.

B. CHF3 cross section set

One of the electron collision processes most important in
plasma processing is neutral dissociation. If we have avail-
able reliable ionization cross sectionsand swarm measure-
mentsof both the drift velocityvd and the ionization coeffi-
cient a(E/N), we can normalize computed dissociation
cross sections or even derive approximate cross sections by
means of swarm analysis. Because the ionization coefficient
is an integral of the ionization cross section over the electron

energy distribution functionf 0(«,E/N), as shown earlier, for
electron energies greater than the dissociation threshold and
in certain ranges ofE/N, f 0(«,E/N) is sensitive to the mag-
nitude and energy dependence of the dissociation cross sec-
tions. This sensitivity is shown in Fig. 5, where we have
plotted f 0(«,E/N) for three scaled values of the CHF3 dis-
sociation cross section. One can see how the high-energy tail
of f 0(«,E/N) is affected, which in turn affects the value of
a(E/N). We exploit this sensitivity to obtain information on
the dissociation cross section.

Because our primary interest in assembling a cross sec-
tion set for CHF3 is in estimating the dissociation cross sec-
tion, we are concerned mostly with cross sections at energies
greater than several eV. For this reason, we use very approxi-
mate models for the vibrational cross sections in the absence
of good molecular calculations or measurements. IfD« is the
vibrational excitation energy in eV with« the electron impact
energy, then the cross section for excitation in the first Born
approximation is33

sv
B5

3.7310215

D«x
ln F x1/21~x21!1/2

ux1/22~x21!1/2uG , ~4!

wherex5«/D« and the normalization is such that the peak
value ofsv

B is 1310216cm2. The vibrational excitation en-
ergies that we use for CHF3 are 0.14 and 0.37 eV.

In order to estimate the dissociation cross section, we
have constructed a cross section set comprising

~1! the computed momentum transfer cross section de-
scribed earlier;

~2! two model vibrational cross sections;
~3! the computed dissociation cross section described ear-

lier; and
~4! the measured partial ionization cross sections.34

Using this cross section set and the two-term spherical har-
monic approximation,35 we have solved Boltzmann’s equa-

FIG. 5. Sensitivity of the electron energy distribution function to variations
in the dissociation cross section:~1! f 0(«) at E/N5200 Td using the cross
sections shown in Fig. 2;~2! f 0(«) with sd multiplied by 1.2;~3! f 0(«) with
sd multiplied by 2.0.
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tion for the electron energy distribution functionf 0(«) as a
function of E/N and computed the electron swarm coeffi-
cients.

In developing a self-consistent set of cross sections for
CHF3, we found that we were able to achieve good agree-
ment between calculated and measuredvd anda by adjust-
ing only the magnitudes of the momentum transfer cross
section, the model vibrational excitation cross sections, and
the dissociation cross section. The energy dependencies of
the calculatedsm(«) andsd(«) are accurate enough that we
did not need to adjust the shapes of the cross sections.

There are a number of algorithms for varying the mag-
nitudes of the cross sections in a systematic manner. We have
used the downhill simplex algorithm,36,37 which we have
used previously38,39 for varying both the magnitudes and the
energy dependencies of cross sections. We vary scale factors
that multiply the cross sections in order to minimize the
function

x25(
i

S vd
c2vd

m

vd
m D 2

1S ac2am

am D 2

, ~5!

where the ‘‘c’’ and ‘‘ m’’ superscripts denote calculated and
measured values, respectively, and the sum is over all values
of (E/N) i . In our analysis, we have used the drift velocity
measured by Wanget al.2 and the ionization coefficient mea-
sured by de Urquijoet al.3 Because Wanget al. found little
or no dissociative attachment to CHF3, we have ignored at-
tachment in our swarm analysis.

The cross section set that we have derived for CHF3,
which is consistent with the swarm measurements, is shown
in Fig. 6; numerical values are available at http://
www.kinema.com on the World Wide Web. Following the
swarm analysis procedure described earlier, the momentum
transfer cross section remained within a few percent of that
computed byab initio methods. The dissociation cross sec-
tion, however, required a multiplier of 1.4. The excellent
agreement between swarm coefficients calculated using this
cross section set and measurements is shown in Fig. 7. The
computed rate coefficients for electron collision processes in
CHF3 are shown in Fig. 8. The rate coefficients shown in

Fig. 8 have been fitted to the Arrhenius form,

k~Te!5aTe
b exp@2g/Te#cm3/s, ~6!

with Te in eV and for 0.5 eV<Te<15 eV. The values ob-
tained fora, b, andg are shown in Table I.

A significant feature of this cross section set is that the
dissociation cross section is much larger than that included in
the cross section set of Christophorouet al.4,5 from the mea-
surements of Gotoet al.40 and of Sugaiet al.41 Both our own
calculations and independent experiments42,43 suggest that
the dissociation cross sections reported by Sugaiet al.40,41

are in general too small, and indeed Christophorou and
Olthoff5 note this point. A similar conclusion was reached by
Kushner and Zhang,6 who, in developing a CHF3 cross sec-
tion set, first scaled the cross sections of Sugaiet al. upward
by a factor of 5, then added a furtherad hocnear-threshold
enhancement to improve the agreement with swarm data.

Of the previous publications of CHF3 cross section
sets,4–6 the reviews of Christophorouet al.4,5 presented ex-
haustive summaries of available collision data and even pro-

FIG. 6. CHF3 cross section set optimized to be consistent with measured
swarm data.

FIG. 7. Comparison of measured~solid symbols! and calculated~open sym-
bols! drift velocity and ionization coefficient versusE/N. The calculated
reduced mean energy is also shown.

FIG. 8. Rate coefficients for electron collisions with CHF3.
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vided a recommended cross section set. The authors did not,
however, perform swarm calculations in order to check the
consistency between their set of recommended cross sections
and the electron transport measurements. Kushner and
Zhang,6 on the other hand, performed a swarm analysis simi-
lar to that reported here but with substantially different re-
sults. Their momentum transfer cross section is similar to
ours but lacks the pronounced resonance structure around 10
eV. This is important because it affects the calculation of the
drift velocity and, hence, the calculation of the ionization
coefficient. There are profound differences between our com-
posite neutral dissociation cross section and that presented
by Kushner and Zhang. Our cross section has its peak value
in the region between 17 and 22 eV, with a magnitude more
than twice the values recommended by Kushner and Zhang,
whereas the sum of their dissociation cross sections rises
monotonically to about 100 eV. However, the swarm coeffi-
cients are only sensitive to features below approximately
20–25 eV, and the swarm analysis thus has nothing to say
about the cross section at higher energies. We believe the
differences between our results and those of Kushner and
Zhang to be due to the following aspects of their work:

~1! use of different partial ionization cross section measure-
ments having very different energy dependencies near
threshold,

~2! use of total scattering cross section instead of a
momentum-transfer cross section below 10 eV and of a
coarse-grainedab initio momentum-transfer cross sec-
tion above 10 eV, and

~3! simple scaling, by a large factor, of measured dissocia-
tion cross sections.

Regarding items~2! and ~3!, we believe that theab initio
momentum-transfer and dissociation cross sections that we
have used produce a better starting point for the swarm cal-
culations and, ultimately, a better outcome.

IV. SUMMARY

We have described the development of an electron col-
lision cross section set for CHF3 that is consistent with avail-
able swarm data. Key features of our work are the use of
ab initio quantum-mechanical calculations to obtain impor-
tant cross sections otherwise unavailable and the use of sys-
tematic procedures for adjusting all cross sections to obtain
consistency with known swarm parameters. The resulting
cross section set is expected to be of use in modeling of

CHF3 plasmas, and the approach followed in obtaining it is
being applied to other gases of current interest.
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